Abstract-The development of techniques for lateral and longitudinal control of vehicles has become an important and active research topic in the face of emerging markets for advanced autonomous guided vehicles (AGVs) and mobile robots. In this respect there has been much literature published, although not so much on actual performance of such controllers in a practical setting. The primary focus in this paper is on the development and actual implementation of intelligent and stable fuzzy proportional derivative-proportional integral (PD-PI) controllers for steering and speed control of an AGV. The AGV used in this study is an electrically powered golf car suitably modified for autonomous navigation and control. The use of fuzzy logic for control law synthesis, among other things, facilitates the incorporation of control heuristics, while guaranteeing stability, uncoupling steering control from speed control, and providing for easy incorporation of a braking controller. Through experimentation, the designed controllers are demonstrated to be insensitive to parametric uncertainty, load and parameter fluctuations and most importantly amenable to real-time implementation. The performance of the proposed uncoupled direct fuzzy PD/PI control schemes for the particular outdoor AGV is also compared against conventional proportional integral derivative (PID) controllers. Experimental results demonstrate that the proposed fuzzy logic controllers, which are synthesized from a variable structure systems view point, also outperform conventional PID schemes, particularly in tracking accuracy, steady-state error, control chatter, and robustness.
I. INTRODUCTION
T HE DEVELOPMENT of techniques for lateral and longitudinal control of vehicles has become an important and active research topic in the face of emerging markets for advanced autonomous guided vehicles (AGVs) and mobile robots. AGVs are characterized by highly nonlinear and complex dynamics [1] . Extraneous forces, such as those due to head winds, turning and static friction, typical of harsh outdoor environments, further complicate the modeling process and the determination of model parameters. Even if the model and the parameters are known accurately for an AGV, there are the road grade changes and variations in the amount of cargo in the AGV that need be accounted for. Thus any control strategy to be useful for outdoor AGV control must be able to deal with the above effectively.
The application of linear control methods has not been uncommon as evident from the reported literature [2] - [4] . Most commonly used linear control techniques for AGV control are The authors are with the School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore 639798, Singapore.
Publisher Item Identifier S 1063-6536(02)00086-6. proportional integral (PI) [2] , [3] , proportional derivative (PD) [2] , and proportional integral derivative (PID) [4] . In the literature there are only a few instances where the results of the application of nonlinear methods such as variable structure systems theory and fuzzy control have been reported [5] - [7] . However, the fuzzy controllers proposed and implemented lack theoretical analysis of stability. In this paper fuzzy controllers are designed for stability from the perspective of variable structure systems theory and hence ensure stability. The complexity of the AGV dynamics, the difficulty of obtaining the actual vehicle dynamic parameters, the variability of certain model parameters and the human-knowledge available on speed and steering control motivates the use of a fuzzy logic approach to control law synthesis. In Section II, the particular Ackerman steered AGVs hardware architecture is described. In Section III, stable fuzzy logic controllers are synthesized using variable structure systems theory, followed by experimental results for specific scenarios. Section IV concludes the paper.
II. THE EXPERIMENTAL SYSTEM
The experimental system shown in Fig. 1 was built using a commercially available CARRYALL 1 golf car. The actuation system for steering control is comprised of a permanent magnet dc motor (48 V, 650 W) coupled to the steer shaft by means of a gear assembly (ratio 5 : 1). In the conversion no attempt was made to alter the drive actuation system, which is comprised of a dc series motor (48 V, 2300 W) and a gear assembly (ratio 12.28 : 1). This only provides for the application of positive torques. Active deceleration is achieved by manipulating a cable attached to the brake pedal of the golf car through the actuation of a stepper motor. This operation mimics human braking action. Outputs of each encoder mounted on the four wheels of the AGV are used to calculate the speed of the vehicle. The 
III. FUZZY CONTROL
The proposed control structure is as shown in Fig. 2 . It may be noted that the longitudinal (speed) and lateral (steer angle) control are achieved through separate uncoupled fuzzy controllers. Further, longitudinal control is realized by means of a fuzzy driving controller for acceleration and cruising at a constant speed while a fuzzy braking controller is used for active deceleration. Using three separate direct fuzzy controllers instead of a single fuzzy controller significantly reduces the complexity of the fuzzy system. The coupling effects between the drive and the steering systems are not explicitly accounted for in the separate uncoupled controllers. Should there be undesirable effects due to coupling the structure proposed provides for inclusion of explicit coupling rules.
A. Control Law Development and Stability
The vehicle dynamics for the above AGV can be expressed as follows [1] : (1) and represent the disturbances. The remaining parameters are defined in the Appendix. Now (1) can be arranged in the form (2) For this class of systems, it is possible to design a stable sliding mode controller (SMC) within a computed torque framework. For a detailed derivation of the SMC control law, please refer to [8] . The overall computed torque structure is (3) A suitable choice of is, , where represents the desired value of and is a diagonal matrix with elements . The choice represents the computed torque component, where and are estimates of and , respectively. The term is used to remove the effects of inexact decoupling as a result of model mismatch and bounded disturbances. Let us define the th switching plane as (4) A condition for the intersection of switching planes, , to be attractive can be derived by defining a quasi Lyapunov function (5) where is the positive definite inertia matrix. Now, the th component of can be chosen as in (6) to ensure so as to guarantee the asymptotic stability of and hence the tracking errors as follows: (6) In (6), and are positive constants whose magnitudes depend on the extent of the model mismatches. It may be noted that by choosing and sufficiently large, the need for the computed toque component of the control law (3) may be eliminated. As seen from (6), the increase/decrease of magnitude of causes the magnitude of control torque to increase/decrease. This SMC law (6) can be fuzzyfied to obtain a fuzzy sliding mode controller (FSMC) [9] . Further, an equivalent fuzzy PD controller can be synthesized using this FSMC [10] . This leads to a diagonal rule base usually referred to as a standard rule table in the literature. It can be shown that the fuzzy PD controllers designed using the diagonal rule table for the AGV dynamics are stable if (7) where and are the magnitudes of the fuzzy PD (or PI with the switching planes defined appropriately) controller's output and output of the SMC, respectively. is the universe of discourse of the normalized sliding surface. Maintaining this stability condition (7), parameters of the fuzzy PD/PI controller can now be tuned as well as heuristic rules can be added as required, in order to satisfy the performance criteria.
B. Fuzzy Driving Controller (FDC)
1) Control Structure: One of the most important issues in fuzzy controller design is the choice of inputs and outputs of the system. As shown in Fig. 2 , the inputs to the FDC are speed error and integral of speed error. The controller output is driving voltage ( ). We use singleton fuzzification and Mamdani inference strategy. The crisp control output is obtained through center-of-gravity (COG) defuzzification. Triangular membership functions are chosen for inputs and outputs as shown in Fig. 3 . These are simpler, easier to optimize and tune. It is to be noted that the normalized universe of discourse of the driving voltage is limited to the range [0, 1] as negative voltages do not provide negative torques in dc series motors. If a negative voltage is applied, the series connected motor will maintain its sense of rotation. As a result the control strategy will not operate satisfactorily since the vehicle, instead of braking, will gradually reach a different speed. Under these conditions the vehicle with a zero input voltage will stop due to the rolling losses and the 2) Results: For the purpose of assessing the relative performance of the fuzzy drive controller a conventional PID controller was used. The gains of the PID controller were initially estimated based on a simplified model of the drive motor [11] without regard to the coupling effects. Thereafter, the gains were fine tuned manually to yield the best possible performance for the chosen reference trajectories. We choose a speed trajectory as shown in Figs. 5(a) and 6(a). It can be seen from Figs. 5 and 6 that the FDC closely follows the trajectory while the PID controller does not. Further, the PID controller output has very high control chatter, large voltage output (5.87 V rms) and saturation [ Fig. 6(b) ]. This is highly undesirable as it causes wear and tear of the mechanical system and it also affects the lifetime of the batteries and the motor. FDC output is always operating bellow 6 V (3.86 V rms). The FDC and PID controller performance at slower speeds is given in Fig. 7 . It is to be noted that the PID controller gives rise to oscillatory behavior at slower speeds whereas FDC does not. This shows the susceptibility of the PID controller to the operating point (region) but not the FDC. The robustness results of the controllers to parameter changes are shown in Fig. 8 . An increase of 30% in the vehicle load caused the PID controller to perform badly, whereas FDC was unaffected.
C. Fuzzy Braking Controller (FBC)
1) Control Structure: It is to be noted that only acceleration or a constant speed of the AGV can be actively affected by controlling the voltage to the drive motor for the reasons given in Section III-B. Since no negative torques can be output for active deceleration control of the AGV, an FBC is utilized. The membership functions selected for the FBC are as shown in Fig. 9 . The rule base as shown in Fig. 10 is designed to output a zero voltage for most of the combinations in positive velocity errors.
The overall speed control of the actual AGV can be achieved by operating the FDC and FBC in unison as both controllers are related to speed error and its integral. The FDC was designed to provide an active torque (voltage) during most of the time, while the FBC is effective in the event of deceleration to a lower speed. However, one should be very careful with the design because braking while accelerating can lead to higher consumption of the limited energy of the batteries, wear in the braking system and jerky movements. One of the ways to overcome this problem is to incorporate a supervisory controller to oversee the switching of FBC appropriately. The supervisory controller implements the following heuristics in our implementation. "The AGV needs to brake if and only if the actual speed is greater than the requested speed." If the driving controller can be designed not to overshoot whenever the AGV requires a higher speed, above statement can be further simplified as, "The AGV needs to brake whenever it is required to reduce speed or decelerate." Therefore, the supervisory controller can be designed to detect any request for deceleration in the desired speed and switch the FBC "ON" accordingly. During this time, the FDC can be designed to output a very small positive or zero voltage.
2) Results: In this application, combination of driving with braking provides for the longitudinal control of the AGV. We choose the desired speed profile as shown in Fig. 11(a) to assess the longitudinal fuzzy controller (LOFC), which is a combination of FDC and FBC. The resultant tracking performance is also shown in Fig. 11(a) . It can be seen from Fig. 11(b) that the FDC and FBC are independently contributing to the final longitudinal control of the AGV. Fig. 12 shows in the case of over-braking how FDC and FBC are actively contributing to achieve their goals.
D. Lateral Fuzzy Controller (LAFC)
1) Control Structure: The lateral or the steering control of a mobile robot is a very challenging nonlinear control problem due to the complexity of the model, the uncertainty of the parameters and coupling effects of the driving on the steering system. Other nonlinear effects such as gear backlash and road grade variations can also render adverse effects.
The steering angle error (ae) and rate of change of steering angle error (aed) are chosen as inputs to the LAFC as shown in Fig. 11 . FBC performance in a two-step speed reduction. ( Fig. 14) conforms to the diagonal form as this choice guarantees stability of the system (Section III-A).
2) Results: The PID controller and LAFC was tuned to yield a good performance for a reference trajectory of counter clockwise turn, followed by a clockwise turn as shown in Fig. 15 . Both controllers yielded good tracking accuracy. Then the controllers were given a different operating condition as shown in Fig. 16 . It can be seen from the figures that the PID controller performance is significantly degraded while LAFC is not, demonstrating the latter controller's ability to cope within a wider operating region. To assess the performance of the steering controller in the presence of road grade changes, the vehicle was initially moved along an equi-leveled surface and then down a 10 downward slope. As shown in Figs. 17(a) and 18(a), both the PID and LAFC controllers perform well under flat and level road conditions. However, in the 10 downward slope [Figs. 17(b) and 18(b) ], the performance of the conventional PID controller degrades significantly while the LAFC performance is not affected. This demonstrates the LAFCs robustness to road grade variations.
E. Simultaneous Operation of Longitudinal and Lateral Controllers
It is very interesting and important to investigate a more practical case where the longitudinal and lateral controllers are operating simultaneously as this gives some indication of the coupling effects between the steering and drive systems. 
IV. CONCLUSION
In this paper we have proposed a control structure for uncoupled longitudinal and lateral control of an AGV, which is a converted, electrically powered golf car. Longitudinal control is achieved via two uncoupled fuzzy controllers, viz., a fuzzy drive controller and a fuzzy braking controller switched appropriately by a supervisory controller. The lateral controller is also synthesized using fuzzy logic. All of the fuzzy controllers are derived from the perspective of variable structure systems theory thus guaranteeing stability and convergence of tracking errors. The resulting rule structures for all controllers conform to a standard assessments showed the proposed FLC schemes outperform the conventional PID schemes, particularly in tracking accuracy and steady-state errors. Further, the results showed that the designed FLCs are robust to load changes, coupling effects, operating point changes and road grade changes. The simultaneous operations of LOFC and LAFC showed that the designed uncoupled direct fuzzy controllers are capable of removing coupling effects implicitly, unlike PID control. Simultaneous operation of FDC designed for a dc series motor powered drive system and the FBC designed for a stepper motor driven braking system showed smooth speed tracking performance with no jerking. Inertia of the tire perpendicular to the axel. and
Terms are related to friction. Related to inertias of the vehicle. and Defined in Fig. 21 .
Further, and are the first partial derivatives of and with respect to . Similarly, is the second derivative of with respect to .
